Viruses infecting microorganisms are ubiquitous and abundant in the ocean. However, it is unclear when and where the numerous viral particles we observe in the sea are produced and whether they are active. To address these questions, we performed time-series analyses of viral metagenomes and microbial metatranscriptomes collected over a period of 24 h at a Japanese coastal site. Through mapping the metatranscriptomic reads on three sets of viral genomes ((i) 878 contigs of Osaka Bay viromes (OBV), (ii) 1766 environmental viral genomes from marine viromes, and (iii) 2429 reference viral genomes), we revealed that all the local OBV contigs were transcribed in the host fraction. This indicates that the majority of viral populations detected in viromes are active, and suggests that virions are rapidly diluted as a result of diffusion, currents, and mixing. Our data further revealed a peak of cyanophage gene expression in the afternoon/dusk followed by an increase of genomes from their virions at night and less-coherent infectious patterns for viruses putatively infecting various groups of heterotrophs. This suggests that cyanophages drive the diel release of cyanobacteria-derived organic matter into the environment and viruses of heterotrophic bacteria might have adapted to the population-specific life cycles of hosts.
Introduction
Viruses infecting microorganisms ubiquitously and abundantly present in the ocean [1] and virus-mediated microbial lysis has a considerable impact on the marine biogeochemical cycles [2] [3] [4] . As the discovery of highly abundant small particles in the sea [1, 4] , initially referred to as "virus like particles (VLPs)", reflecting their unknown status of activity, numerous viruses have been isolated from marine environments. Various approaches have subsequently been undertaken to characterize the biogeography of viral populations and to reveal ecological and evolutionary forces that viruses exert on their hosts [5] . Of the different approaches, viral metagenome (i.e., "virome") sequencing has substantially expanded our knowledge of the diversity of marine viruses [6, 7] . However, a virome alone does not offer any direct evidence of viral infection, though it does reveal the presence of virions and associated nucleic acids. Viral infection can be detected by monitoring viral gene transcription in the host by either reverse transcription polymerase chain reactions targeting the marker genes of a specific group of viruses [8] or metatranscriptomics uncovering transcripts of a whole range of viruses [9, 10] .
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Osaka Bay, Japan, is an enclosed gulf with an area of 1500 square kilometers surrounded by densely populated districts and forests. Osaka Bay is a typical eutrophic environment owing to the input of nutrients from rivers, although it is also affected by Kuroshio, an oligotrophic warm current, intruding into the bay through the Kii Channel [11] . We previously analyzed a set of time-series viromes collected over a period of 24 h (nine time points) at Osaka Bay (Osaka Bay viromes, OBVs [5] ) and successfully obtained complete genomes of not only welldocumented viral lineages (e.g., cyanophages, SAR11 phages) but also novel viral lineages infecting heterotrophic bacteria such as marine group II Euryarchaeota, Bacteroidetes, SAR86, and SAR116 members. Photoautotrophic cyanobacteria as well as heterotrophic bacteria display population-specific diel cycling in many of their transcripts [12] , suggesting that coordinated infection cycles of viruses infecting these bacteria also occur in this enclosed gulf. Here, we generated a time-series of host metatranscriptomes from samples concomitantly collected at the same sampling site as the viromes. We addressed the activities and diel infection dynamics of marine viruses through crosscomparisons of the coupled virome and metatranscriptomic data.
Materials and methods

Sampling
Prokaryotic fractions were prepared from a time-series of nine seawater samples from a 5 m depth at the entrance of Osaka Bay, Japan, every 3 h over a period of 24 h on August 25 and 26, 2014. On these days, the sunrise and sunset times were 5:26 and 18:35, respectively. During the sampling, the times and heights (cm) for high tide and low tide were as follows: high tide, 6:58/159, 19:12/160; low tide, 12:55/89, 0:30/44. For metatranscriptomic analysis, 1 l of seawater was prefiltered through a 142 mm 3.0 μm-pore polycarbonate membrane (EMD Millipore, USA) and then filtered sequentially through 0.22 μm-pore Sterivex filtration units (SVGV010RS, EMD Millipore). After filtration, the 0.22 μm filtration units were either directly transferred to −80°C (for subsequent DNA extraction) or immediately filled with RNAlater (Thermo Fisher Scientific, USA) and stored at −80°C (for subsequent RNA extraction).
DNA/RNA extraction and sequencing
For prokaryotic host community analysis, DNA was extracted from the stored filtration units using a xanthogenate-sodium dodecyl sulphate method according to a previously published protocol [7] . A total of 16 S rDNA was amplified using a primer set based on the V3-V4 hypervariable region of prokaryotic 16 S rRNA genes for the simultaneous detection of Bacteria and Archaea [13] with added overhang adapter sequences at each 5ʹ-end according to the 16 S sample preparation guide (https:// support.illumina.com/content/dam/illumina-support/ documents/documentation/chemistry_documentation/16s/ 16s-metagenomic-library-prep-guide-15044223-b.pdf). Amplicons were sequenced using a commercial sequencing kit, version 3 (2 × 300 bp paired-end) (Illumina, USA). Virome library preparation, DNA extraction, and sequencing were performed as previously described [5] . For metatranscriptomic analysis, total RNA was extracted from the stored filters using mirVana (Thermo Fisher Scientific). After removal of rRNA with a Ribo-Zero rRNA removal kit (bacteria) (Illumina), the RNAs were converted to doublestranded cDNA with PrimeScript (TaKaRa, Japan). One ng of cDNA was segmented and tagged with NexteraXT (Illumina) following a 12-cycle amplification as described by the Illumina protocol and sequenced using sequencing kit version 3 (2 × 75 bp paired-end) (Illumina).
S rRNA gene amplicon sequence analysis
Paired-end sequences of the 16 S rDNA amplicon were merged using FLASH software (version 1.2.11) with option "-M 1000" [14] . Merged reads containing ambiguous nucleotides (i.e., "N") were discarded. The remaining merged reads were clustered using CD-HIT-EST (version 4.7) [15] to form operational taxonomic units (OTUs) with a sequence identity threshold of 97%. Singleton OTUs were discarded at this stage. The representative sequences of the remaining OTUs were searched against the SILVA ribosomal RNA gene database (release 128) [16] to taxonomically annotate OTUs using CD-HIT-EST-2D with a threshold of 97% sequence identity.
Virome and metatranscriptome analysis
Co-assembly of sequence reads from the nine OBV samples generated, after decontamination of prokaryotic sequences, 878 viral contigs longer than 10 kb (OBV long contigs; including 45 circularly assembled genomes and 833 noncircular genomes) [5] . In addition, this assembly generated 27,551 short contigs (i.e., longer than 1 kb but no longer than 10 kb). The abundance of these contigs was assessed based on the relative abundance of terminase large subunit genes (terL). Putative terL genes were detected as follows. Gene predictions were computed using MetaGeneMark [17] . HHsearch (probability > 85% and p-value < 1e˗5) [18] was performed for each predicted gene against the Pfam database (version 31.0) after constructing query hidden Markov models using jackhammer (included in the HMMER package) [19] with default settings against genes included in 5095 viral genomic sequences (described below; Supplementary Table S1 ). As a result, 1348 genes (from 1330 contigs) were detected as putative terL genes (i.e., genes with the best hit to PF03354.14, PF04466.12, PF03237.14, and PF05876.11). The FPKM (fragments per kilobase per mapped million reads) for putative terL genes were calculated by in-house ruby scripts. A longer terL was selected if two putative terL genes were detected in one contig.
The viral genomic sequence set (likely originating from prokaryotic dsDNA viruses; 5095 sequences; Supplementary Table S1 ) was collected in a previous study [5] . These sequences belong to one of the following three categories: (i) 878 viral contigs ( > 10 kb, including 45 circularly assembled genomes and 833 non-circular genomes) obtained from OBVs, (ii) 1766 environmental viral genomes (EVGs; all are circularly assembled genomes) derived from marine virome studies (not including OBVs), and (iii) 2429 reference viral genomes (RVGs) of cultured dsDNA viruses. Genus-level genomic OTUs (gOTUs) were assigned for complete genomes (i.e., 45 circularly assembled genomes in (i) and all genomes in (ii), and (iii)) as previously described [5] . In addition, for the OBV noncircular (i.e., possibly incomplete) genome sequences, if the sequence showed similarity to one of the complete genomes (with genomic similarity S G > 0.15), the sequence was assigned to the gOTU of the most similar complete genome. Putative host groups (Cyanobacteria, Bacteroidetes, SAR11, SAR116, and SAR86) were predicted from genomic similarity to known viruses and/or gene contents of complete genomes [5] . As viruses belonging to the same gOTU were predicted to have consistent host groups (i.e., each gOTU was not assigned to more than one host group), putative host groups were also applied to the other members of each gOTU.
Quality controlled virome and metatranscriptome sequence reads ( Supplementary Table S2 ) were obtained through quality control steps as previously described [5] . These reads were mapped against the viral genomic sequence set using Bowtie 2 software with a parameter "--score-min L,0,-0.3" [20] . FPKM values were calculated by in-house ruby scripts. Hierarchical clustering of OBV contigs based on Pearson correlation of time-series virome abundance was performed using the average linkage method implemented on Multiple Experiment Viewer version 4.9.0. The gap statistics calculated by the R package clusGap [21] were used to assess the number of clusters obtained from the hierarchical clustering with parameters 'Kmax = 10, bootstrap = 10000'. In this analysis, the optimum number of clusters was estimated to be seven. All statistical tests were performed with R software (version 3.3.1).
Results and discussion
Sequence reads from the virion-derived metagenomes (OBV; 8.5 M read pairs; 2.4 Gbp generated from the virus enriched <0.22 µm size fraction; Supplementary Table S2) were assembled into 878 contigs (>10 kb), which included 45 putatively complete viral genomes (28.5-192 kb, average 54.2 kb) [5] . Such metagenomic data provide nearquantitative estimates of dsDNA genomes packed in viral particles [22] . These 878 contigs recruited 29.0% of the quality controlled OBV metagenomic reads ( Supplementary  Table S2 ). Our analysis indicated that these 878 contigs represent a wide range of viral populations with varying relative abundances. Based on the relative abundances of the terminase large subunit genes (terL), one of the core genes of tailed phages [23] , in the whole set of viromes, we estimated that the relative abundances of viral populations represented by the long contigs could be as low as 0.0193% (OBV_N00282), whereas the highest was 0.779% (OBV_N00192) (Supplementary Figure S1 ).
Next, we prepared a set of viral genomic data that was composed of three groups: (i) the 878 OBV contigs, (ii) 1766 EVGs, and (iii) 2429 RVGs from cultured dsDNA viruses. The OBV reads were preferentially recruited on the OBV contigs (Fig. 1a ). The proportion of genomic sequences covered by reads was higher for the OBV contigs (median 99.86%) compared with other viral genomes (EVGs: 1.54%; RVGs: 0.89%; Fig. 1b ), demonstrating once again the locality of viral communities as previously suggested by a global ocean virome study [24] .
Despite the locality of viral communities, some viral genomes abundant in our samples were also observed in other viromes. Of the top 50 most abundant completely sequenced viral genomes, 45 were from OBVs (OBV complete genomes; Supplementary Figure S2 ). The other five abundant genomes were those of SAR11 phage HTVC010P, Synechococcus phage S-RIP1, Synechococcus phage S-SM2, and two EVGs (uvMED-CGR-U-MedDCM-OCT-S38-C40 (AP013455) and TAR-A_ERS488757_N000101). SAR11 phage HTVC010P was previously proposed as the most abundant marine virus [25] , and its abundance was ranked 44th in the Osaka Bay data set. We also noted that OBV-N00073 (ranked 35th) was related to SAR11 phage HTVC019, one of the four previously sequenced SAR11 phages (Supplementary Figure S2 ). Among the EVGs and RVGs, nine genomes (two EVGs and seven RVGs) showed high abundances (i.e., average FPKM, >10; %-virome mapped region, >60%; Fig. 1a, b ). Of the nine genomes, six belonged to the set of 38 globally abundant virus clusters identified in a recent study [6] . These globally abundant viruses may have some common characteristics, such as a broad host range, allowing their wide geographic distribution.
Given that viromes were derived from virions (i.e., 0.22 µm filtered seawater excluding host cells), a fundamental question is when and where these virions were generated; were the viral genomes generated through local infection at the time of sampling (i.e., "local production") or did they come from further afield through transport by sea currents or water mixing?
To address this question, we compared the viromes with the metatranscriptomes derived from host size fractions (0.22-3 µm) that were concomitantly collected with the virome fractions. Mapping the metatranscriptomic reads on the set of viral genomes confirmed that all viral genomes represented by the 878 OBV contigs were transcribed in the host cells in the same water (Fig. 1c, d) . Both the depth and %-region of the metatranscriptome mapping were substantially higher for the OBV contigs (median FPKM, 14.5; median %-region, 69.14%) than for the EVGs (0.125; 0.67%) and RVGs (0.133; 0.34%). This result supports the hypothesis of overwhelming local production of viral particles in our samples. Namely, virion-associated genomes we captured were derived from virions produced by viral infection that occurred at the time of sampling during the period of 24 h. Local production of viruses readily explains the locality of viral ("particle") communities observed in larger scale virome studies [24] . The fact that all of the viral contigs (>10 kb) were transcriptionally active with no exception further suggests that the concentration of these viral particles rapidly decreases, if there is no successive infection, to levels undetectable by metagenomic approaches upon their diffusion owing to water movement.
Local production of viruses implies that viral community structures revealed by viromes are possibly linked with viral activities (i.e., viral infection) in the same water. However, the relative abundances of virion genomes were poorly correlated with those of viral transcripts (i.e., the maximum of the coefficient of determination r 2 = 0.237), although the correlation was statistically significant owing to the large number of viral sequences being compared (all samples, Pearson's r = 0.280, p < 2.2e˗16; individual samples, r = 0.174-0.487, p < 1.94e˗11). Indeed, relative transcript abundances could be high for some of the low-abundant viral genomes as shown in Fig. 2b-d . We consider that possible factors affecting the low correlations between virion genome abundance and viral transcriptional activity include a wide range of viral burst sizes as well as viral latent periods where transcriptional activity precedes viral burst events.
In viral ecology, the Bank model [24, 26] states that only a handful of abundant viruses are "active" in a community of viruses and the rest are rare and inactive (i.e., "bank"), which may move from the bank to the active group upon environmental changes or host community shifts ( Fig. 2a) . Photoautotrophic cyanobacteria as well as heterotrophic bacteria are known to display population-specific diel cycles in their gene expression [12] . Previous laboratory experiments also showed that cyanophage production depends on host photosynthesis and exhibits a diel pattern [27, 28] . If the lytic cycles of marine viruses are synchronized with the host diel cycles in natural populations, we may observe coordinated viral gene expression followed by an increase of progeny virions. Indeed, our data show apparent signals of diel infection cycles for some of the viral populations (Supplementary Figure S3 ). For instance, the transcript abundance of cyanophage contigs reached its highest level in the afternoon (i.e., 15:00-18:00), whereas remaining at lower levels during the night. By contrast, the transcript abundance of SAR11 phages was high from 3:00 to 9:00 and at its lowest at 15:00. A recent metatranscriptome study has also shown diel cycling of transcription for 17 cyanophage contigs, one SAR11 phage contig, and eight unassigned phage contigs out of 170 contigs tested [8] . If viral production succeeds their transcriptional activity, viruses showing low genomic but high transcriptomic abundances (Fig. 2) might become abundant in the virome compartment at a later time point. We investigated the existence of such viral diel infection dynamics.
Our sampling site is close to a shore boarding the Kii Channel and water masses at this site fluctuate between low salinity-coastal and high salinity-oceanic waters according to the level of the tide. Therefore, both microbial and viral communities in the time-series samples could be influenced by both diel cycles of communities and water mass [26] . b Average abundance of the nine time points for 878 OBV viral populations (contigs). y-axis represents normalized virome and metatranscriptome FPKM (i.e., each FPKM is divided by the FPKM of the most abundant sequence). c Abundance at 12:00 (the first sample). d Abundance at 15:00. metaT: metatranscriptome movement (i.e., coastal vs. oceanic). We thus evaluated water mass movement by physicochemical parameters and microbial community compositions prior to investigating viral diel infection dynamics.
Salinity, temperature, and nutrients oscillated twice during the day of sampling in response to the rise and fall of the tide (Supplementary Figure S4a,b) . Oligotrophic oceanic water thus intruded into the bay as the tide rose and eutrophic coastal water moved outwards as the tide fell.
Major microbial community components as well as viral genotype communities also oscillated in response to the mass movement of water ( Supplementary Figure S4c,d) . These observations suggest that our time-series samples correspond to an oscillation between two distinct host-viral communities (i.e., oceanic and coastal communities).
To minimize the effect of water mass movement, the nine samples were divided into three groups ("oceanic group": 12:00, 21:00, 0:00, and 12:00; "coastal group": 15:00, Fig. 3 Infection dependent rank increases in virome abundance. a For each pair of different time points, it was investigated whether rank increased viruses show higher transcriptional activity compared with rank decreased viruses. Significance was detected by the Mann-Whitney U-tests (asterisks). Colors of sampling times represent sample groups (blue: oceanic, orange: coastal, gray: mixed). The statistical tests were performed within oceanic/mixed samples (areas in blue), and within coastal/mixed samples (areas in orange). b-d The transcriptional activities (i.e., metatranscriptome FPKM divided by virome FPKM) at the first time point were plotted against the virome abundance rank increases from the first time point to the second time point. Predicted host groups are color coded as in the panels. Ratios of rank increased viruses to rank decreased viruses, and p-values of the tests for each predicted host group are shown in the panels. For a-d, statistical analyses and plots were performed on OBV viral genomes whose FPKM values in the virome at the first time point were more than 10. Inf: infinite. NA: not available 18:00, 3:00, and 6:00; "mixed group": 9:00) and intersample comparisons were made within the oceanic/mixed or coastal/mixed groups. We measured increases of virions between two time points by their relative genome abundance rank increases and compared the virion increases with viral transcriptional activities ( Fig. 3, Fig. 4 , Supplementary Figure S5 ). We observed a general tendency for viruses with relatively high transcriptional levels at a given time point to increase their genome abundance ranks at a later time point (4 out of 9 for the oceanic/mixed group; 8 out of 10 for the coastal/mixed group) ( Fig. 3a) . Hereafter, we refer to such time-delayed virion increases that correlate with viral transcriptional activities as "infection dependent virion increases (IDVIs)". Remarkable IDVIs of cyanophages were observed at 3:00-9:00 after their metatranscriptome peak at around 15:00-18:00 in the coastal communities (Fig. 3b, c) . Similar cyanophage IDVIs were observed for the oceanic communities from 21:00/0:00 to 9:00 ( Fig. 3d, Fig. 4 ). This dynamic linkage between viral transcription and virion production suggests cell lysis of cyanobacteria during the time period from night to dawn. IDVIs of SAR116 viruses were observed between 12:00 and 9:00 and between 21:00 and 9:00 in oceanic/mixed samples, whereas IDVIs of SAR11 viruses were observed in both oceanic and coastal water masses towards dawn ( Fig. 4) . Viruses putatively infecting SAR86 showed IDVIs twice during the sampling period (from 21:00 to 0:00 in oceanic water, and from 6:00 to 9:00 in coastal/mixed water). IDVIs were also observed for other viruses including viruses putatively infecting Bacteroidetes (Flavobacteriaceae) (Fig. 4) .
Only a few studies have addressed the cyanophage infection cycle in association with the light cycle in natural populations [7] . Kimura et al. [7] investigated the infection dynamics of freshwater Microcystis cyanophage populations by monitoring the phage tail sheath g91 gene and its transcript. They revealed peaks of g91 transcripts during daylight hours and peaks of g91 DNA copy numbers in host cell fractions in the afternoon, followed by an increase of g91 DNA copies in phage particle fractions at night. Another study revealed increases of Synechococcus cyanophages in seawater samples at midnight using a culturebased method [29] . Interestingly, a recent study revealed that not only the growth but also the mortality of Prochlorococcus showed a remarkable light-dark cycle with a high cell mortality rate at night [30] . The mortality of cyanobacteria has been suggested to be caused by viral infection or grazing. By connecting cyanophage transcriptional activities with increases of free virions (i.e., host lysis), our data suggest that cyanophages represent a major driver of the cyclic mortality of marine cyanobacteria and the release of cyanobacteria-derived organic matter into the environment.
Less-coherent IDVI patterns were observed for viruses putatively infecting heterotrophic bacteria (Fig. 4) . A previous study reported that transcriptional activities of heterotrophic bacteria displayed population-specific diel cycling, which was hypothesized to be initiated by the diel release cycle of dissolved organic matter from Prochlorococcus [12] . Successions of heterotrophic bacteria were also observed during a longer time span after a eukaryotic algal bloom in a coastal area [31, 32] . It has been suggested that these successions were caused by speciesspecific utilization of various substrates. Therefore, the rather complicated IDVI patterns for viruses infecting heterotrophic bacteria might originate in viral adaptation to the population-specific life cycles of heterotrophic bacteria with different substrate preferences.
Conclusion
Our cross-omics analysis revealed that the majority of viral genomes detected in viromes were derived from viral particles that were generated through local viral-host interactions. This observation has a significant consequence in the way that we interpret viral particle metagenomes (i.e., "viromes"). Namely, our results suggest that viral community structure and dynamics revealed by viromes reflect active virus-host interactions that occur in the same ecosystem. Our results also strongly support the hypothesis that cyanophages drive the diel mortality of marine cyanobacteria. The various IDVI patterns in viruses of heterotrophic bacteria as well as cyanophages will be key for understanding sequential cascades of population-specific host growth and viral infection following the input of organic matter from primary producers.
